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The term “oxidative stress” links the production of reactive
oxygen species to a variety of metabolic outcomes, including
insulin resistance, immune dysfunction, and inflammation.
Antioxidant defense systems down-regulated due to disease
and/or aging result in oxidatively modified DNA, carbohy-
drates, proteins, and lipids. Increased production of hydroxyl
radical leads to the formation of lipid hydroperoxides that pro-
duce a family of �,�-unsaturated aldehydes. Such reactive alde-
hydes are subject to Michael addition reactions with the side
chains of lysine, histidine, and cysteine residues, referred to as
“protein carbonylation.”Althoughnotwidely appreciated, reac-
tive lipids can accumulate to high levels in cells, resulting in
extensive protein modification leading to either loss or gain of
function. The use ofmass spectrometricmethods to identify the
site and extent of protein carbonylation on a proteome-wide
scale has expanded our view of how oxidative stress can regulate
cellular processes.

Chemistry of Reactive Oxygen Species and Production of
Reactive Aldehydes

ROS2 are formed as a result of numerous metabolic pro-
cesses, including oxidation of NADPH by NADPH oxidase,
uncoupling of the mitochondrial electron transport chain, and
oxidation of xanthine by xanthine oxidase (1). Oxidative stress,
which refers to a state of elevated levels of ROS, occurs from a
variety of conditions that stimulate either ROS production or a
decline in antioxidant defenses (2). In some cases such as stim-
ulation of ROS production by macrophages as an innate
immune response to bacterial infection, ROS are protective.

However, the dysregulation of ROS levels in a variety of tissues
has been linked to a number of inflammatory and age-associ-
ated disease states, including macular degeneration, muscular
dystrophy, and insulin resistance associated with type 2 diabe-
tes (3–5). During oxidative stress, the oxidation of cellular com-
ponents results in the modification of DNA, proteins, lipids,
and carbohydrates. In the case of proteins, numerous post-
translational modifications have been characterized resulting
either from direct oxidation of amino acid residues or through
the formation of reactive intermediates by the oxidation of
other cellular components. The oxidation of methionine to a
sulfoxide as well as cysteine to sulfenic, sulfinic, and sulfonic
acids has been shown to occur frequently and often can (with
the exception of sulfonic acid) be reduced enzymatically. The
oxidation of carbohydrates provides intermediates for reactions
withproteins in the formationofadvancedglycationendproducts,
some ofwhich are reactive toward protein (6). Furthermore, it has
been observed that a significant portion of ROS-induced post-
translational modifications result in the addition of reactive car-
bonyl functional groups on proteins, generically termed “protein
carbonylation,” with the most reactive and common of these car-
bonyl groups being in the form of aldehydes.
Direct protein carbonylation can be achieved through a vari-

ety of reactions. Oxidation of amino acid side chains with met-
als and hydrogen peroxide is known to cause the formation of
semialdehyde amino acids, with the majority of these reactions
occurring with lysine, arginine, and proline residues (7). Alter-
natively, protein carbonylation can result from an indirect
mechanism involving the hydroxyl radical-mediated oxidation
of lipids. Polyunsaturated acyl chains of phospholipids or poly-
unsaturated fatty acids such as arachidonic acid and linoleic
acid are highly susceptible to peroxidation and breakdown
through non-enzymaticHock cleavage, forming a variety of lip-
id-derived aldehydes and ketones (8). Lipid peroxidation prod-
ucts can diffuse across membranes, allowing the reactive alde-
hyde-containing lipids to covalently modify proteins localized
throughout the cell and relatively far away from the initial site of
ROS formation. Recent studies have suggested that protein car-
bonylation formed from lipid-derived aldehydes is more prev-
alent than that formed via direct amino acid side chain oxida-
tion (9). The cellularmetabolism of lipid peroxidation products
and the fates of their protein targets are diagramed in Fig. 1.
The most reactive of the aldehydes generated from polyun-

saturated fatty acid oxidation are �,�-unsaturated aldehydes,
including 4-HNE, 4-ONE, and acrolein (for an excellent recent
review on the chemistry of lipid peroxidation, see Ref. 10).
Because of the presence of electron-withdrawing functional
groups, the double bond of 4-HNE or 4-ONE serves as a site for
Michael additionwith the sulfur atom of cysteine, the imidizole
nitrogen of histidine, and, to a lesser extent, the amine nitrogen
of lysine. There is some evidence for reaction with arginine as
well, albeit to a lesser extent than with lysine. Although 4-HNE
has historically been the most well studied lipid peroxidation
product (11), 4-ONE is also highly reactive (12). After forming
Michael adducts, the aldehyde moiety may in some cases
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undergo Schiff base formation with amines of adjacent lysines,
producing intra- and/or intermolecular cross-linked amino
acids (13, 14). In the case of 4-ONE, modification of lysine res-
idues through 1,2-addition (Schiff base formation and the addi-
tion of water to the double bond) can also result in ketoamide
adducts (15). In model systems, mass spectrometric analysis
has demonstrated that �99% of proteins modified in vitro by
4-HNE retain a free carbonyl group (16).
A variety of antioxidant enzymes and proteins function to

eliminate reactive lipid peroxidation products (17). Lipid
hydroperoxides can be reduced via peroxiredoxins and gluta-
thione peroxidases, thereby preventing reactive aldehyde for-
mation. Although aldehyde dehydrogenase converts (4R)-HNE
into a carboxylic acid and alcohol dehydrogenase, and aldehyde
reductase and aldose reductase convert the aldehyde into the
corresponding alcohol (18–20), leading to markedly reduced
reactivity of the lipid, a major route of detoxification is via glu-
tathionylation by GST. Of the various GST isoforms, GSTA4
exhibits the greatest specificity for 4-HNE (21, 22). Once
4-HNE/glutathione adducts have been formed, they are
removed from the cell by the 76-kDa Ral-binding GTPase-ac-
tivating protein RLIP76. Although the quenching of 4-HNE
occurs largely via GSTA4-controlled metabolism, GSTA4 effi-
ciently recognizes only the S-stereoisomer of 4-HNE (23).

Finally, cytoplasmic FABP can scav-
enge both the R- and S-stereoiso-
mers via covalent protein adduction
(24).

Functional Outcomes of Protein
Modification

Lipid peroxidation products have
been shown to have awide variety of
effects on cells in vitro depending
upon the concentration utilized,
and as such, interpretation of exper-
imental results must be considered
cautiously. For example, treatment
of epithelial and smooth muscle
cells with physiological concentra-
tions of 4-HNE (�0.1–1 �M) pro-
moted cellular proliferation, whereas
treatment of erythroleukemic cells
with supraphysiological concentra-
tions (20–40 �M) induced cell cycle
arrest, erythrocyte differentiation,
and apoptosis (25, 26).
Because the side chains of Cys,

His, and Lys are often used in catal-
ysis, themost common effect of pro-
tein carbonylation is enzyme inacti-
vation. The inactivation of several
membrane transporters, including
the Na�-K�-ATPase and glucose
(GLUT3) transporters, by lipid-de-
rived aldehydes in the brain has
been linked to neurodegenerative
disorders (27, 28). Themodification

of the adipocyte FABP (as well as the epithelial isoform) by
4-HNE occurs on a conserved cysteine residue (Cys117),
decreases the protein’s affinity for fatty acids, and may contrib-
ute to obesity-linked insulin resistance (24, 29). Cytosolic and
mitochondrial NADP�-dependent isocitrate dehydrogenase
isoforms are inactivated by lipid peroxidation products, which
may lead to the dysregulation of NADPH levels (30). The inac-
tivation of thioredoxin and thioredoxin reductase through
modification of their active-site cysteine and selenocysteine
residues by 4-HNE and acrolein has been linked to dysregula-
tion of cellular redox status and stress signaling (31–33). Like-
wise, the inactivation of glutathione peroxidase bymodification
with methylglyoxal on an arginine residue at its glutathione-
binding site amplifies oxidative stress by increasing peroxide
levels in the cell (34). In addition, Hsp90 and protein-disulfide
isomerase have also recently been shown to be inactivated by
modification with reactive aldehydes (35, 36).
Targeted degradation of carbonylated proteins occurs via at

least two different mechanisms. The 20 S ubiquitin-independ-
ent proteasome, which degrades misfolded proteins based on
its ability to detect exposed hydrophobic residues, is responsi-
ble for the degradation of many carbonylated proteins (37).
However, the 26 S proteasome has also been demonstrated to
have a role in the degradation of modified proteins after they

FIGURE 1. Cellular fates of �,�-unsaturated aldehydes and carbonylated proteins. ROS stimulate peroxi-
dation of polyunsaturated fatty acids (PUFA), an oxidative event that is reversible through reduction by perox-
iredoxin (PRX) and glutathione peroxidase (GPX) enzymes. The lipid hydroperoxides (PUFA-OOH) generated are
unstable and lead to a variety of reactive aldehydes. The lipid peroxidation products generated include the
�,�-unsaturated aldehydes 4-HNE, 4-ONE, 4-hydroxy-(2E)-hexanal (4-HHE), (2E)-hexenal, crotonaldehyde, and
acrolein as well as the dialdehydes glyoxal and malondialdehyde (MDA). GSTA4 catalyzes the conjugation of
the highly reactive �,�-unsaturated aldehydes to glutathione, leading to their efflux from the cell by the
glutathione conjugate transporter RLIP76. In addition, oxidation by aldehyde dehydrogenase or reduction by
alcohol dehydrogenase, aldehyde reductase, or aldose reductase converts free aldehydes into less toxic mol-
ecules. The �,�-unsaturated aldehydes that escape cellular metabolism serve as electrophiles in the covalent
modification of proteins via non-enzymatic Michael addition. The resulting aliphatic carbonyl adducts on
cysteine, histidine, or lysine residues may alter the activity of protein targets or cause them to become
degraded by the proteasome.
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have undergone ubiquitination, as is the case for alcohol dehy-
drogenase (38). Although targeted degradation minimizes the
amount of carbonylated proteins during conditions ofmild oxida-
tive stress, the 4-HNE modification and inhibition of the protea-
some machinery itself amplify the accumulation of modified and
misfolded proteins during conditions of increased ROS (39).
Although carbonylation most typically inactivates protein

targets, such modification can also result in a gain of function
for certainmetabolic signaling systems. For example, transcrip-
tional activation of antioxidant-response genes is up-regulated
by protein carbonylation. Several genes containing antioxi-
dant-responsive elements are activated by 4-HNE-linked pro-
cesses. Nrf2 (NF-E2-related factor 2) is a central transcription
factor involved in the regulation of antioxidant-responsive ele-
ment-containing genes that are often activated in response to
oxidative stress. The alkylation of the cytoplasmic inhibitor of
Nrf2, Keap1 (Kelch-like ECH-associated protein 1), by 4-HNE
and other electrophiles results in the dissociation of the Keap1-
Nrf2 complex. Once freed from inhibition by Keap1, Nrf2
translocates to the nucleus and activates the expression of anti-
oxidant-responsive element-containing genes, increasing anti-
oxidant defenses (40).
The ability of �,�-unsaturated aldehydes to regulate inflam-

mation, apoptosis, and other cellular signaling (41) has largely
been attributed to regulation of critical signaling kinases
through loss- and gain-of-function modifications, frequently
on activation loop cysteine or histidine residues in the case of
inhibitory modifications. The 4-HNE modification of extracel-
lular signal-regulated kinase (ERK) on His178 inhibits its ability
to become phosphorylated and, as a result, decreases its kinase
activity (42). Similarly, the modification of AMP kinase kinase
(LKB1/STK11) with 4-HNE, 4-ONE, and a variety of other
reactive lipids on activation loop residue Cys120 inhibits its
kinase activity and attenuates downstream AMP kinase signal-
ing (43). In addition, IKK� is inactivated by 4-HNE modifica-
tion, although the site has yet to be determined (44). It will be
interesting to determine whether IKK� inactivation by 4-HNE
is due to modification on Cys179, as inhibition of IKK� with
cyclopentenone prostaglandins, which are also �,�-unsatur-
ated carbonyl-containing lipids that form Michael addition
adducts (45), has beenmapped to this thiol. Reactive aldehydes
have also been reported to stimulate the activities of certain
kinases. For example, the JNK upstream kinase ASK1 is acti-
vated by 4-HNE, leading to stimulation of the ASK1-SEK1-JNK
pathway linking oxidative stress to inflammation (46). In addi-
tion, the epidermal growth factor receptor is activated by
4-HNE in the absence of ligand binding by inducing clustering
and autophosphorylation (47). However, the specific amino
acid targets and mechanisms responsible for both epidermal
growth factor receptor and JNK activation by 4-HNE are still
unclear and warrant future investigation.

Mass Spectrometric Methods for Detecting and
Quantifying Protein Carbonylation

The emergence of two modern ionization technologies,
matrix-assisted laser desorption ionization and electrospray
ionization, has enabled the direct structural analysis of alde-
hyde modification in single-protein models as reviewed previ-

ously (10, 48). Although these techniques have proven useful
for investigating protein carbonylation in simple in vitromodel
systems, studies of these proteins do not necessarily reflect
accurately their endogenous modification state. Therefore, to
better understand the role of carbonyl modifications in vivo,
more advanced methods are required to characterize directly
modified proteins isolated from complex biological systems.
For the study of proteins containing endogenous reactive

carbonyl modifications, large-scale mass spectrometry-based
proteomic methods offer the potential to discover new protein
targets susceptible to these modifications, to quantitatively
profile changes in these modifications with disease state or
aging, and to characterize the exact amino acid site and type of
carbonyl modification via MS/MS analysis and sequence data
base searching (49). Similar to the proteomic study of other
post-translational modifications to proteins, reactive carbonyl-
modified components generally make up a relatively small pro-
portion of the total proteins within a complex biological sam-
ple. Therefore, methods to enrich for this subset of modified
proteins prior to MS analysis are generally necessary. Pro-
teomicmethods that have been described for carbonylated pro-
tein analysis in complex systems are summarized in supple-
mental Fig. 1 and discussed below.

Two-dimensional Gel-based Approaches

2DGE has frequently been used for the identification of car-
bonylated proteins in complex mixtures. Specific detection of
gel-separated reactive carbonyl-containing proteins is then
achieved via immunoblotting, in some cases using antibodies
that directly recognize the carbonylmodification on the protein
(e.g. anti-4-HNE antibodies). In other cases, reactive carbonyls
are labeled covalently with nucleophilic hydrazide- or hydr-
azine-based probes. These groups have highly specific reactiv-
ity with aldehydes (and to a far lesser extent, other carbonyls
such as ketones), forming a covalent Schiff base that can then be
reduced to a highly stable carbon–nitrogen single bond. For
example, labeling of reactive carbonyl-containing proteins
prior to 2DGE with DNPH, followed by immunoblotting with
anti-DNPH antibodies (commercially marketed as Oxy-
BlotTM), has been commonly used. Many times, two gels are
run in parallel, and one is immunoblotted to visualize the
migration pattern of carbonylated proteins, whereas the other
is stained for total protein so that spots corresponding to the
locations of the carbonylated proteins can be excised, in gel-
digested with trypsin, and identified by mass spectrometry.
2DGE coupled with immunostaining and MS analysis has

been used in a variety of studies. Epithelial FABP has been
shown to be carbonylated in vivo by 4-HNEmodification using
a 2DGE approach (29). Ferrington and Kapphahn (39) identi-
fied subunits of rat liver 20 S proteasome containing HNE
adducts by a similar antibody-based detection method, provid-
ing important details regarding the catalytic site-specific inhi-
bition of the proteasome by 4-HNE. This approach was also
used in the identification of in vivo 4-HNE-modified retinal
proteins from young and old rat eyes, cultured ARPE19 cells,
and human donor eyes (50). Alternatively, the OxyBlotTM
detection strategy was used to identify six carbonylated pro-
teins from Alzheimer disease brain (51, 52), providing a step
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forward in understanding the relationship between oxidative
modifications and neuronal death. An alternative method for
visualizing oxidized proteins, relying on similar hydrazide
chemistry, was also developed using biotinylation and avidin-
fluorescein isothiocyanate affinity staining (53). A limitation of
all hydrazide-based labeling methods described above is the
general reactivity of hydrazide to all reactive carbonyl modifi-
cations, precluding the identification of the exact type of car-
bonyl modification (e.g. lipid-derived reactive aldehyde or the
result of direct amino acid side chain oxidation).

Gel-free Proteomic Approaches

Despite the contributions of 2DGE-based methods to pro-
teomic studies of reactive carbonyl-modified proteins, 2DGE
has a number of well described (54) limitations as a general
platform for large-scale proteomic studies, including analysis of
membrane and low-abundance proteins. Therefore, “gel free”-
based proteomic methods have begun to emerge. For these
methods, carbonylated proteins are enriched from complex
mixtures using affinity methods (outlined in blue boxes in sup-
plemental Fig. 1) (55–57). The enriched proteins are then
digested by peptides, and the putatively carbonyl-modified pro-
teins are identified via LC-MS/MS analysis.
This general gel-free method has been used in a number of

different studies. One of the first descriptions identified pro-
teins in aged mouse brain homogenates (55). Carbonylation
was found on several low-abundance receptor proteins, mito-
chondrial proteins, and tyrosine phosphatases known to be
associated with insulin and insulin-like growth factor metabo-
lism and cell signaling pathways. Another study used multidi-
mensional LC-MS/MS of enriched protein digests to identify
targets of amyloid �-induced oxidative stress in cultured pri-
mary cortical mouse neurons (58), identifying the carbonyla-
tion of the Golgi-resident enzyme glucuronyltransferase. Pro-
teins susceptible to reactive carbonyl modification in rat liver
homogenates from nitropropane-treated animals have also
been identified using this method (56). In work investigating
the possible linkage between obesity and oxidative protein
damage, such technology was utilized to identify aldehyde-
modified proteins from adipose tissue of lean insulin-sensitive
and obese insulin-resistant C57BL/6J mice (24). Adipocyte
FABP, a protein implicated in the regulation of insulin resist-
ance, was found to be a target of 4-HNE modification in vivo.
An extension of this technology utilizes stable isotope labeling
of enriched biotin hydrazide-labeled protein digests prior to
�LC-MS/MS analysis with iTRAQTM reagent (59). Applying
such analysis to carbonylated proteins from rat muscle mito-
chondria (60) distinguished carbonylated proteins from non-
carbonylated background proteins that may nonspecifically
bind the avidin column.

Strategies for Identifying the Site and Type of Carbonyl
Modification

Despite the insights provided by the studies above, themeth-
ods employed have generally lacked the ability to directly iden-
tify the exact amino acid site and type of carbonyl modification.
This information is necessary for a deeper understanding of the
oxidative mechanisms leading to the protein modification as

well as for providing information needed for follow-up studies
to assess the functional effects that modification of specific
amino acid sites may have on the protein.
Therefore, numerous proteomicmethods for the direct iden-

tification of reactive carbonyl-modified amino acid sites within
peptides have begun to emerge. The use of DNPH as a reactive
matrix has been shown to increase the sensitivity for carbonyl-
modified peptides when analyzing digested proteins after sep-
aration by 2DGE (61). A number of gel-free methods have been
developed that use enrichment of carbonylated peptides, fol-
lowed by direct �LC-MS/MS analysis (see right side of supple-
mental Fig. 1). One such method (62) labels and enriches car-
bonylated peptides withGirard reagent P.We have developed a
solid-phase “capture and release” strategy utilizing reversible
hydrazide chemistry for enriching carbonylated peptides (63).
This method, followed by LC-electrospray ionization-MS/MS,
was applied to identify 4-HNEmodification sites in a digest of a
yeast lysate treated with 4-HNE. An alternative method used
N�-aminooxymethylcarbonylhydro-D-biotin (64) to label in
vitro 4-HNE-modified proteins in rat cardiac mitochondria,
followed by tryptic digestion, avidin column enrichment of the
modified peptides, and MS/MS analysis. Although these
advances are promising, none have been shown to reliably iden-
tify carbonylated amino acid sites in low abundance on endog-
enously modified proteins from complex mixtures, highlight-
ing the need for continued development of more sensitive
methods.

Strategies for Quantifying Modification with Reactive
Carbonyls

As an alternative to the Levine-Stadtman procedure (DNPH
assay) (65) for measuring bulk levels of carbonylated proteins
from biological samples, gel-free quantitative proteomic meth-
ods have begun to emerge. Thesemethods couple stable isotope
labeling of peptides derived from enriched carbonylated pro-
teins or peptides and LC-MS/MS analysis.Multiplexed labeling
of digests of enriched carbonylated proteins from yeast lysates
with heavy and light isotope-coded Girard reagent P, followed
by LC-MS/MS analysis, is one such promising method (66),
alongwith the recently described hydrazide-functionalized iso-
tope-coded affinity tag approach (67). Parallel approaches have
usedmultiplexed iTRAQTM reagent to label digests of enriched
carbonylated proteins from rat muscle mitochondria with sta-
ble isotopes, followed by �LC-MS/MS analysis (60).

Challenges and Future Directions

It has become increasingly clear thatmodification of proteins
by reactive aldehydes leads to loss and/or gain of function of
target proteins linked to disease states, signaling systems, and
age-related conditions. However, despite this growing body of
knowledge, a main question still remains as to whether these
modifications are causative or consequential factors in their
observed association with disease and other conditions. Mass
spectrometry-based proteomicmethods have begun to provide
the tools to help answer this pivotal question, although further
advances are still necessary. These includemore sensitive and reli-
able methods to directly identify the site and type of endogenous
carbonylproteinmodificationsandcharacterizationof thestoichi-

MINIREVIEW: Oxidative Stress and Protein Carbonylation

21840 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 32 • AUGUST 8, 2008

http://www.jbc.org/cgi/content/full/M800613200/DC1
http://www.jbc.org/cgi/content/full/M800613200/DC1
http://www.jbc.org/cgi/content/full/M800613200/DC1
http://www.jbc.org/cgi/content/full/M800613200/DC1


ometry of in vivo protein carbonylation, both essential for under-
standing the possible functional effects of these modifications.
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